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Abstract: At the crest of rubble mound breakwaters a crest wall is often present to reduce the 
consumption of material compared to breakwaters without a crest wall or to enable access to the 
breakwater. Several methods to design crest walls are available. These methods are developed for 
wave loading where waves approach breakwaters in perpendicular direction. Compared to 
perpendicular wave attack, oblique waves can significantly reduce the amount of wave overtopping 
and reduce the wave loads on crest walls on breakwaters. Based on physical model tests new design 
guidelines have been developed by Van Gent and Van der Werf (2019) for perpendicular wave attack 
and for oblique wave attack. Here, a summary of those design guidelines is presented together with a 
discussion of the most essential aspects of these design guidelines. 
Keywords: breakwaters, coastal structures, crest wall, crown wall, oblique waves, wave load, wave 
overtopping, design guideline 
1 Introduction 
At the crest of rubble mound breakwaters, a crest wall (also called a crown wall) is often present, see 
also Fig.1. Under severe wave loading these crest walls experience wave overtopping, (horizontal) 
forces at the front, and (vertical uplift) forces underneath. To design crest walls the influence of crest 
walls on wave overtopping discharges needs to be estimated and accurate predictions of the wave 
loads on crest walls are required. 
For the prediction of wave forces on crest walls of rubble mound breakwaters most studies were 
focussed on waves that approach breakwaters in perpendicular direction, e.g. Jensen (1984), Günbak 
and Gökce (1984), Günbak (1985), Bradbury et al. (1988), Pedersen (1996), Martín (1999), Martín et 
al. (1999), Molines (2011, 2016), Negro et al. (2013), Nørgaard et al. (2013a), Røge et al. (2014), 
Jacobsen et al. (2018), Molines et al. (2018), Franco et al. (2018) and Bekker et al. (2018). In Van 
Gent and Van der Werf (2019) the influence of oblique waves on the wave loads on crest walls has 
been studied based on physical model tests (see Fig.2). The proposed method to account for oblique 
waves on the wave loads can be applied together with the proposed estimates of forces on crest walls 
for perpendicular wave attack from the same study, or together with other methods from literature to 
estimate wave loads on crest walls under perpendicular wave attack. Here, the method by Van Gent 
and Van der Werf (2019) to predict forces on crest walls is presented and discussed. 
For the prediction of mean wave overtopping discharges over coastal structures several methods 
are available. To account for the reduction in wave overtopping due to oblique waves references is 
made to De Waal and Van der Meer (1992), Galland (1994), Hebsgaard et al. (1998), Lykke Andersen 
and Burcharth (2009), Nørgaard et al. (2013b) and Van der Werf and Van Gent (2018), although none 
of them is applicable for wave overtopping discharges over rubble mound breakwaters with crest 
walls. A data-driven technique that in principle can estimate mean wave overtopping discharges over 
rubble mound breakwaters with crest walls is the Artificial Neural Network by Van Gent et al. (2007). 
However, this method does not provide an explicit empirical relation to account for oblique waves and 
the data-set on which this data-driven method is based, does not include the new tests. Here, the 
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method by Van Gent and Van der Werf (2019) to account for the influence of oblique waves on 
overtopping discharges is presented and discussed. One of the aspects that has not been dealt with 
here is the influence of wind on mean overtopping discharges over rubble mound breakwater crest 
walls. In Wolters and Van Gent (2007) estimates of the maximum influence of wind on mean 
overtopping discharges over crest walls are provided. 
Fig. 1. Examples of crest walls with views from sea side (upper), top (middle) and landward side (lower). 
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Fig. 2. Oblique wave attack on the tested rubble mound breakwater with a crest wall (Delta Basin, Deltares). 
2 Prediction method 
The prediction method is based on the incident waves at the toe of the structure, characterised by the 
spectral significant wave height Hs (in this paper: Hs = Hm0 = 4√m0) and the spectral wave period Tm-1,0
(Tm-1,0 = m-1/m0). The method is valid for wave directions at the toe between β = 0° and 75°, where 
β = 0° corresponds to perpendicular wave attack. The method is derived for both long-crested and 
short-crested waves. Note that for very oblique short-crested waves the mean wave direction at the toe 
can be somewhat different from the offshore mean wave direction since the wave directions larger 
than  
β = 90° cannot reach the toe of the structure. In the design method the wave direction of the incident 
waves at the toe of the structure needs to be used. 
The prediction method is derived for rubble mound structures with stones in the armour layer, filter 
layer and core. Two crest wall configurations were examined, one with a flat base plate and one with a 
key at the intersection of the front wall and bottom of the crest wall. A key in the crest wall is applied 
to increase the passive earth pressure. The crest wall is protruding above the armour layer in front of 
it. No recurved parapet was present at the tip of the crest wall. The estimates of the forces are 
hydrodynamic loads due to waves; they do not include hydrostatic forces that are caused by still water 
levels that are higher than the lowest part of the crest wall. 
Fig. 3.  Virtual wave run-up level (z2%) for structures with a crest wall and definition of essential symbols. 
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2.1 Wave forces 
The prediction method for forces on crest walls assumes that, like Günbak and Gökce (1984), 
Pedersen (1996), and others, the forces are to a large extend dependent on the difference between the 
virtual wave run-up level (z2%) and the crest level of the armour in front of the crest wall (Ac). Fig.3 
illustrates the virtual wave run-up level. 
Oblique waves affect the virtual wave run-up since for oblique waves the wave run-up is reduced. 
To estimate the virtual wave run-up the expression by Van Gent (1999, 2001) is applied where the 
roughness is taken into account by using a reduction factor γf =0.45 for rock armour layers. The 
reduction of wave run-up due to oblique waves is considered by using the expression of the same 
shape as proposed in Van Gent (2014): γβ  = 0.5 cos2β + 0.5 where β  is the angle of the incident 
waves (β=0° corresponds to perpendicular wave attack). Fig.4 illustrates the expression to take the 
influence of oblique waves on the virtual wave run-up levels into account. The tests showed that by 
taking the influence of oblique waves into account in the (virtual) wave run-up levels, while (virtual) 
wave run-up levels are used to estimate the horizontal and vertical forces on the crest wall, no 



















Fig. 4.  Influence of oblique waves on (virtual) wave run-up levels (z2%). 
In Box (1) the expressions to estimate horizontal forces and vertical uplift forces are summarised. The 
forces are per meter width (N/m). Eq. (1) shows that forces on crest walls (Fβ) can be estimated based 
on estimates of the forces for perpendicular waves (F⊥ ) and a reduction factor to account for oblique 
waves (γβ). The reduction factor for horizontal forces, expressed by Eq. (2), is slightly different from 
the reduction factor for vertical uplift forces, expressed by Eq. (3). Both use estimates of the virtual 
wave run-up level (for perpendicular wave attack) expressed by Eq. (4) and Eq. (5). 
Although the reduction factors due to oblique waves (γβ) can be used in combination with other 
prediction methods to obtain estimates of forces for perpendicular wave attack (F⊥ ), the tests by Van 
Gent and Van der Werf (2019) also provided accurate estimates of horizontal forces, expressed by   
Eq. (6), and vertical uplift forces, expressed by Eq. (7), for perpendicular wave attack within the range 
of the test conditions. See also the lowest line in Box (1) for the ranges of validity. Note that these 
tests did not include configurations where the level of the crest (Rc) was equal or lower than the level 
of the armour in front of the crest wall (Ac). 
The presence of a key at the intersection of the front face and the base plate affects the forces. Due 
to the presence of a key the horizontal forces increase due to a larger total height of the front side, 
while the vertical uplift forces reduce. The key can be taken into account by using the total height of 
the crest wall, including the height of the key, in the horizontal forces (Hwall) and by using a lower 
value of the coefficient in the prediction of the vertical uplift forces: cF,V = 0.3 instead of cF,V =0.4 in 
Eq. (7). Note that resistance to hydraulic loading can be significantly increased by the presence of a 
































Horizontal and vertical (uplift) forces on crest walls: 
Forces for oblique waves (Fβ ) based on forces for perpendicular waves (F⊥ ): 
(1) 
For horizontal forces: with a minimum of (2) 
For vertical forces: with a minimum of (3) 
with (virtual) wave run-up levels under perpendicular wave attack (z2%): 
for ξm-1,0 ≤ p (4) 
for ξm-1,0 ≥ p (5) 
with c0 =1.45 , c1 =5.0 , c2=0.25 c1
2
/c0 , p=0.5 c1 / c0 and a reduction factor γ = γf  =0.45 for rock armour layers. 
Estimates of forces for perpendicular wave attack can be obtained using: 
For horizontal forces: with a minimum of (6) 
For vertical forces: with a minimum of (7) 
with cF,V = 0.4 for crest walls without a key (i.e. a flat base plate) and cF,V = 0.3 for crest walls with a key. 
=,0.1% ,2%1.6H HF F (8) 
= −,0.1% ,2%(2.88 32 )V op VF s F for 0.015 ≤ sop ≤ 0.04 (9) 
Overtopping over crest walls: 
Mean overtopping: (10) 
with (11) 
Validity ranges: 0.26 ≤ (Rc - Ac) / Hs ≤ 0.77; 1.27 ≤ Rc / Ac ≤ 1.55 , 0.79 ≤ Rc / Hs ≤ 2.18 and 0 ≤ Fb / Hs ≤ 0.62 
Box 1. Prediction method for wave overtopping and wave forces on rubble mound breakwater crest walls. 
To estimate horizontal forces and vertical uplift forces, estimates of forces exceeded by 2% of the 
waves are used as a basis, i.e. Eq. (6) and Eq. (7). Since crest walls need to be stable also under 
maximum wave loads, a ratio is provided between the values exceeded by 2% of the waves and those 
exceeded by 0.1% of the waves, i.e. Eq. (8) and Eq. (9). Horizontal forces exceeded by 0.1% (i.e. the 
maximum in a storm of 1000 waves) are a factor 1.6 higher than the 2%-values (i.e. values exceeded 
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higher than the 2% values (for sop =0.04 and sop =0.015 respectively where sop=2πHs /gTp2); for steeper 
waves than sop =0.04 a value of 1.6 can be used. Of course, for the final design of crest walls it is 
required that the stability of crest walls is guaranteed for the maximum of the expected design loads, 
also for conditions where the design storm has a duration longer than 1000 waves. Here, it is assumed 
that the peak of the design storm can be characterised by a duration of 1000 waves. 
Note that all expressions are tested and considered valid for long-crested waves and for short-
crested waves. The tests by Van Gent and Van der Werf (2019) were performed for one structure 
slope. In the prediction method the influence of other seaward slopes has been accounted for in the 
expression of the wave run-up. Therefore, the method also provides estimates of forces for other 
structure slopes. Also, if a berm is present in the seaward slope, the influence of a berm can be 
accounted for via the (virtual) wave run-up levels using the reduction factor for the berm (γb), the 
same way as for the reduction factors for roughness (γf ): γ = γf γb in Eq. (4) and Eq. (5). Nevertheless, 
the validity of the combination of the reduction due to roughness and due to a berm needs to be 
verified for wave run-up; see also Chen et al. (2019) for the combination of the influences of 









Fig. 5.  Examples of the reduction of horizontal forces (left panel) and vertical uplift forces (right panel), for selected 
configurations and test conditions (measurements denoted by symbols versus the formulae shown as the black 
curves). 
Fig.5 provides illustrations of the influence of oblique waves on the horizontal forces (left panel) and 
the vertical uplift forces (right panel). Note that these illustrations are for specific configurations and 
conditions (see Van Gent and Van der Werf, 2019); for other configurations or conditions the 
influence of oblique waves can be somewhat different. For instance, if the virtual wave run-up for 
oblique waves does not exceed the level of the crest of the armour in front of the crest wall, the 
horizontal forces reduce to zero, which means that the reduction factor reduces to γβ =0. 
In practice, the crest wall has a finite length, for instance between two expansion joints. Here, the 
influence of oblique waves on the horizontal forces and the vertical uplift forces are derived at one 
transect (chainage) along the structure. Especially for oblique waves the maximum hydraulic load 
does not reach a maximum at the same moment in time at each position along the crest wall. The 
length of a crest wall section (e.g. between two expansion joints) can be wider than the part with 
maximum wave loading. For perpendicular wave attack it can be assumed that the prediction method 
provides accurate estimates if the estimates of the forces are applied over the entire width of the crest 
wall, but for oblique waves the method to use the maximum loading over the entire length of the crest 
wall (e.g. between two expansion joints) is a conservative approach. 
For the assessment of the stability of a crest wall, the stability against sliding is typically the main 
failure mode to be accounted for (overturning is less relevant for crest walls with a rather standard 
shape). For crest walls without a key (thus without passive earth pressure) the crest wall is stable if 
µs (FG - FV, MAX) ≥ FH,MAX   where µs is the static friction coefficient to characterise the friction between 
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0.5 (although some studies have recommended higher values of about 0.7 or even somewhat higher), 
FG is the buoyance reduced weight of the crest wall (if no part of the crest wall is below the storm 
surge water level, this is the weight of the crest wall), FV,MAX is the maximum vertical uplift force for 
which  
FV,MAX = FV,0.1% can be used from Box (1), Eq.(7) and Eq.(9), and FH,MAX = FH,0.1% can be used from  
Box (1), Eq.(6) and Eq.(8), if the peak of the design storm is characterized by 1000 waves or less. 
2.2 Wave overtopping 
To estimate mean wave overtopping discharges over rubble mound breakwater crest walls a prediction 
formula has been proposed by Van Gent and Van der Werf (2019), see Eq. (10) in Box (1). In this 
expression (with the discharge q in m
3
/s per m width) the influence of oblique waves on the 
overtopping discharges is accounted for by Eq. (11), shown also in Fig.6. This expression to account 
for oblique waves on wave overtopping discharges over crest walls (γβ  = 0.65 cos2β + 0.35 where β  
is the angle of the incident waves where β=0° corresponds to perpendicular wave attack) is considered 
valid for both long-crested and short-crested waves, and valid if it is applied in combination with Eq. 
(10). The values of the coefficients (0.65 and 0.35) in Eq. (11) can be different if another wave 


















Fig. 6.  Influence of oblique waves on the mean wave overtopping discharge over rubble mound crest walls (data from 
measurements denoted by symbols versus the formula shown as the black curve). 
3 Concluding remarks 
Based on tests by Van Gent and Van der Werf (2019) design guidelines for wave overtopping and 
wave forces on rubble mound breakwater crest walls have been derived, see Box (1). The main 
innovation is that the influence of oblique waves is incorporated in these design guidelines. The 
reduction due to oblique wave attack can be significant. The prediction method is valid within the 
range of the test conditions and provides first estimates for other hydraulic loads and structure 
configurations. The prediction method is deterministic and does not include safety margins, or another 
method to take uncertainties into account; uncertainties need to be accounted for on top of the best 
estimates as provided by the prediction method. The validity of the expressions does not include crest 
walls where the level of the crest wall is equal or lower than the level of the armour layer in front of 
the crest wall. The data on which the prediction method is based showed that the influence of 
directional spreading is negligible, such that the method is considered valid for both long-crested 
waves and for short-crested waves. 
For the vertical uplift forces on a crest wall, the level of the bottom of the base plate above the still 
water level is important and incorporated in the prediction method. Also, the presence of a key at the 
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intersection of the front and the bottom of the crest wall reduces the vertical uplift forces and increases 
the resistance of the crest wall (due to increased passive earth pressures). 
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Appendix: List of symbols and ratios 
Parameter Symbol 
Incident wave height at toe (m) Hs=Hm0 
Spectral mean wave period (s) Tm-1,0 
Peak wave period of waves at the toe (s) Tp 
Wave steepness: sm-1,0=2π Hs /gTm-1,02 (-) sm-1,0 
Wave steepness: sop=2π Hs /gTp2 (-) sop 
Surf-similarity parameter: ξm-1,0 = tan α /sm-1,00.5 (-) ξm-1,0 
Surf-similarity parameter: ξp = tan α /sop0.5 (-) ξp
Wave directions at toe (°) β 
Density of water (kg/m3) ρ 
Slope angle (-) cot α 
Height of crest wall (m) Hwall 
Width of crest wall (m) Bwall 
Crest wall freeboard (m) Rc 
Level base plate relative to water level (m) Fb 
Crest level of the armour layer crest, w.r.t. SWL (m) Ac 
Crest width of armour layer (m) Gc 
Ratio crest level of crest wall and armour (-) Rc / Ac 
Non-dimensional crest level (-) Rc / Hs 
Non-dimensional protruding part of crest wall (-) (Rc - Ac) / Hs 
Non-dimensional level of base plate, w.r.t. SWL (-) Fb / Hs 
Reduction factor for a berm in the seaward slope (-) γb
Reduction factor for roughness (-) γf
Reduction factor for oblique waves (-) γβ 
Static friction coefficient for friction between crest wall and stones underneath (-) µs
(Virtual) wave run-up level, exceeded by 2% of the incident waves (m) z2% 
Mean overtopping discharge (m3/s/m) q 
Buoyance reduced weight of the crest wall (N/m) FG 
Horizontal and vertical forces (N/m) FH ,  FV 
Forces for perpendicular and oblique wave attack (N/m) F⊥ ,  Fβ 
Forces exceeded by x% of the incident waves (N/m) Fx% 
28
